As captive rhesus macaques often exhibit hair loss, alopecia was quantified and behavior was recorded before, during, and after fatty acid supplementation in six macaques. Fatty acid treatment was associated with a decrease in alopecia and in self-grooming behavior.
| INTRODUCTION
Alopecia, a common condition in captive non-human primates, can affect as much as 50% or more of the hair coat. 1 There are many possible causes of hair loss, including seasonality, age, hormonal imbalances, and friction. 2, 3 We recently showed that significant alopecia is associated with chronic elevations of the hypothalamic-pituitary-adrenal (HPA) axis stress response system. Monkeys with greater than 30% hair loss had significantly higher hair cortisol concentrations than fully haired controls. Furthermore, cortisol concentrations were highly correlated with the total amount of hair loss. 2 In a follow-up 8 months later, most severely alopecic monkeys maintained their status.
However, a subset of female monkeys that gained hair also showed reduced hair cortisol concentrations. 4 Severe alopecia is less common than mild alopecia. Monkeys with mild hair loss did not show HPA axis elevation, and their hair loss may be related to other factors, such as low-grade inflammation. 5 We examined the efficacy of polyunsaturated fatty acids (PUFAs) as a treatment for mild alopecia (<30% hair loss). Treatment with PUFAs has been shown to improve both skin and hair condition. PUFAs promoted wound healing, 6 reduced skin dryness and pruritus, 7 and dermatitis 8 in rodents. Dogs fed a diet high in PUFAs showed improvements in hair coat quality 9 and higher hair coat condition scores. 10 In humans, PUFA supplements reduced the signs of photoaging of the skin. 11 We hypothesized that mildly alopecic monkeys receiving PUFA supplements would show regrowth of hair and a reduction in skin-related behaviors (eg, scratching and self-grooming).
| MATERIALS AND METHODS

| Human care guidelines
Six rhesus macaques (Macaca mulatta) (four females), ranging in age 
| Experimental design
The experiment consisted of three phases: pre-treatment (March- 
| Alopecia scoring
Photographs collected during the health exams were scored using ImageJ software 12 to provide a precise assessment of amount of hair loss. A percent alopecia score was created for each monkey at each of the three time points (before, during, and after PUFA treatment) using a protocol that has been described previously. 
| Behavioral data collection
Five-minute behavior samples were collected M-F between 0900 h and 1000 h across the entire period of the study using a modified frequency scoring system. The presence of 36 behaviors was scored in 15-second intervals by trained observers with >90% interobserver reliability. To assess the amelioration of skin inflammation or irritation by PUFAs, two skinrelated behaviors, scratching and self-grooming, were selected for analysis.
| Data analysis
The digitized alopecia scores and the averaged modified frequency scores for the two skin-related behaviors were compared across the three phases using a repeated measures analysis of variance (ANOVA).
Post hoc paired samples t tests determined whether changes in alopecia score or behavior differed across phase.
| RESULTS
| Alopecia assessments
Overall, the subjects' alopecia consisted of small patches along the arms, legs, and back (mean alopecia score averaged across 
| Skin-related behaviors
Monkeys showed a significant decrease in self-grooming behavior 
| DISCUSSION
These findings indicate that PUFA administration reduced hair loss in mildly alopecic monkeys. The lack of any effect of PUFAs on scratching behavior is consistent with the absence of erythematous skin in these subjects. Nonetheless, monkeys groomed their skin and coat significantly less as a function of treatment, suggesting that some form of mild subclinical inflammation may have been present. Therefore, PUFA treatment may improve mild cases of alopecia related to minor inflammation; it is as yet unclear whether PUFAs would ameliorate more extreme forms of alopecia (>30% of the hair coat) or reduce the hair loss associated with age, seasonality, or friction.
The exact mechanism whereby PUFAs influenced hair production in macaques is unknown. If the alopecia observed in these monkeys is a form of subclinical inflammation, then PUFA administration may improve skin barrier integrity. It is currently hypothesized that PUFAs
The percent alopecia score before, during, and after treatment with PUFAs (*P-value <.05)
The amount of self-grooming behavior observed before, during, and after treatment with PUFAs (*P-value <.05)
become incorporated into mast cell membranes thereby affecting membrane-associated enzymes such as phospholipases D (PLD), which in turn influence mast cell exocytosis. This mechanism has been proposed to explain improvements in canine atopic dermatitis with PUFA administration (as reviewed in 13 ).
However, two other possible explanations remain: stress-induced hair loss or sensory-neural irritation. Chronic stress exposure is known to disrupt the hair growth cycle through the actions of cortisol on the hair follicle (see 14 for review). A link between stress and alopecia in macaques is supported by the following findings. Severe alopecia is associated with markedly elevated hair cortisol concentrations, 2 and spontaneous regrowth of hair in females with this condition is associated with significantly decreased hair cortisol concentrations. 15 PUFA treatment has been shown to reduce HPA axis activity in mice 16 and hypothetically may restore hair growth cycles in alopecic animals.
However, elevated cortisol concentrations are not typical of monkeys with mild alopecia and the monkeys in this study did not show increased concentrations of hair cortisol as compared to normally haired controls (data not shown).
A second alternative, sensory neural irritation, is also not associated with erythema. In humans, the sensory manifestations are burning or tingling that appear to arise in response to a wide range of stimuli that include but are not limited to ultraviolet light, heat, cold, water, chemical cleaning agents, and exogenously applied hormones. 17 It is possible that this irritation is due to increased permeability of the skin to certain agents, individual differences in epidermal neuron densities and/ or greater neural activation. 18 Whether skin sensitivity is also present in macaques is largely unknown at this time.
In this study, we evaluated the effects of PUFAs using a withinsubject ABA experimental design in which subjects were evaluated during two control periods interspersed with a treatment period. The alternative is a between-subjects design with one group receiving treatment and the other serving as an untreated control group. Both designs have strengths and weaknesses. The within-subject design reduces individual subject variability because the same subjects are tested at all time points, but it is vulnerable to changes across time that can covary with the treatment period, and should not be used if the environment is unstable. The between-subjects design eliminates this issue with time because both experimental and control groups are studied in the same period. However, it is vulnerable to increased variability and uncontrolled differences between the experimental and control groups including, but not limited to, genetic factors, experimental history, room location, dominance status, and temperament which can only be managed with very large number of subjects that can be randomly assigned to each group. A standard within-subject ABA design was used in this study to evaluate the effect of PUFA on coat condition because these animals had been housed in a very stable environment for many years (same care staff, caging environments, colony rooms, vigorous enrichment program, and no introductions of new animals, etc.). Additionally, large numbers of subjects were not available to mitigate the increased variability associated with the between-subjects design.
Polyunsaturated fatty acid treatment may improve skin and hair coat condition in rhesus macaques with mild alopecia. However, further research is needed to determine what causes such hair loss. This information can then be used to evaluate putative mechanisms by which PUFAs reduce alopecia. Given that individual differences are present even when monkeys are housed and maintained under stable conditions for many years, it is also pertinent to identify risk factors that make some monkeys vulnerable to this condition.
